Age-related changes in heart plasma membrane fatty acid composition, vitamin E content, membrane fluidity, susceptibility to lipid peroxidation, and the subcellular distribution of vitamin E were observed in male and female Hormel-Hanford miniswine over a wide range of ages: prepubertal, <0.5 years; young, 0.5-2.5 years; middle-aged, 5.9-10 years; and old, 11.5-13.9 years. Pigs were continuously fed the same low-fat, cholesterol-free, vitamin Eadequate stock diet at restricted maintenance levels. Membrane lipid peroxidation tended to increase in middle-aged and elderly pigs, but not significantly, perhaps being somewhat ameliorated by the significantly increased membrane vitamin E in middle-aged and old pigs. Mid-bilayer membrane fluidity was significantly increased in old pigs, but fluidity of the polar headgroup domains decreased with age. Thus, lipid peroxidation tended to increase over the long life span of miniswine even when they are food restricted.
T HERE has been a burgeoning interest in the metabolic alterations associated with aging, especially in view of the increasing longevity of the U.S. population and the "Graying of America." The free radical theory of aging (Harman, 1987; Ames et al., 1993) has become the foundation for our understanding of the mechanism of development of many age-associated chronic diseases, such as heart disease and cancer, as well as a mechanism for the aging process per se.
Free radical reactions in biological systems are known to increase during aging (Harman, 1981) with the accumulation of their damaging products (Katz and Robinson, 1986) . Free radical-induced lipid peroxidation damage has been associated with structural damage to cells and accompanying cellular dysfunction (Thomas, 1994) . Increased free radical production and lipid peroxidation in cellular membranes with resulting decreased fluidity have all been demonstrated in animal models of aging (Sawada et al., 1992; Yu et al., 1992; Sawada et al., 1993) . Laganiere and Yu (1993) described age-associated alterations in membrane fatty acid composition. Because cellular membrane fatty acid composition and fluidity are known to influence the activities of membrane proteins, including enzymes and receptors (Murphy, 1990; Berlin et al., 1992 Berlin et al., , 1994a , it is likely that some age-associated physiological changes may be at least partially based on alterations within cellular membranes. Assessment of membrane vitamin E status is important because vitamin E and other antioxidants have been hypothesized as protective against the degenerative diseases associated with aging and perhaps the aging process itself (Tappel, 1968; Ames, 1993; Packer and Fuchs, 1993) .
Chronic moderate restriction of food energy intake has been demonstrated to increase longevity in experimental animals (Masoro, 1990) . Energy-restricted animals do not show the same membrane changes upon aging as ad libitumfed animals. Energy-restricted rats have decreased longchain polyunsaturated fatty acid content (Laganiere and Yu, 1993) , attenuated membrane lipid peroxidation (Yu et al., 1992; Laganiere and Yu, 1993) , and reversal of decline in membrane fluidity (Yu et al., 1992) .
The purpose of this study was to determine how age affects each of several parameters associated with fatty acid oxidation in the heart in food-restricted animals with a much longer life span than the rat. Oxidation-related parameters were studied in the heart in consideration of its usual high oxygen, hemoglobin/iron, and long-chain polyunsaturated fatty acid concentrations. We assessed age-related changes in fatty acid composition, susceptibility to lipid peroxidation, vitamin E content, and fluidity of plasma membranes isolated from heart tissue of miniature swine, whose normal life span is 15-16 years (M.E. Tumbleson; L. Panepinto, personal communications). The pig is considered an excellent animal model for investigating human diseases because of its many anatomic, physiological, metabolic, and nutritional similarities to humans. Pigs have often been used in cardiovascular studies and have been recommended as models for gerontological research (Hsu, 1982) .
METHODS
Animals and treatment. -Miniature male and female Hormel-Hanford swine, aged 0.4-13.9 years, were housed individually (in heated pens in winter) with indoor and outdoor runs with access to water ad libitum. The entire experimental protocol was approved by the Food and Drug Administration Institutional Animal Care and Use Committee. After weaning at 6 weeks, the animals were maintained continuously on the same low-fat, cholesterol-free stock diet (USDA 1160) for their entire lives except during pregnancy and lactation, when sows were fed a higher fat diet (20% B410 BANKS ET AL. soybean oil). Suckling piglets were also allowed the high fat diet ad libitum, and weaned young animals, less than 6 months old, were allowed USD A 1160 ad libitum. At 6 months all animals were restricted to weight maintenance feeding, 680-900 g/d. Young animals (less than 6 months old) were allowed food ad libitum, after which they were restricted to weight maintenance feeding. Major nutrient contents of the diet (Khan et al., 1977) were 16% protein, 75% carbohydrate, and 2.7% fat (polyunsaturated fat/ saturated fat ratio = 3.8). Animals selected for this study were at different life stages: prepubertal (<6 months), young (6 months to 3 years), middle aged (5.9-10 years), and old (11.5-14 years). Animals were sacrificed by electrocution; then samples were excised from the heart during necropsy, placed in cold (4 °C) normal saline, and kept on ice while being transported to the laboratory for processing. The samples were always taken from the same region of the heart. Approximately 30-40 g of tissue were excised, chopped into small pieces with scissors, placed in ice-cold 0.25 M sucrose, and homogenized with a Polytron device. After centrifugation at 9000 rpm for 30 min in a Sorvall SS-34 centrifuge, the supernatant was saved for analysis as a crude cytosolic preparation. The pellet was resuspended in 0.25 M sucrose and centrifuged at 24,000 rpm for 1 hr in a Beckman L8-8O ultracentrifuge using an SW-28 swinging bucket rotor and a discontinuous 0.25-2.0 M sucrose gradient to isolate the subcellular organelles. Mitochondrial, microsomal, cytosolic, and plasma membrane fractions were frozen until analysis. Membrane fluidity was measured immediately upon isolation without freezing. Samples for malondialdehyde (MDA) analysis were frozen and kept briefly at -20 °C, and samples for vitamin E and fatty acid analyses were stored at -85 °C.
Fluidity measurement. -Membrane fluidity was assessed by measuring fluorescence polarization of polar and nonpolar hydrocarbon probes in membrane samples. Steady-state fluorescence polarization measurements were made using the methods developed by Shinitzky and Barenholz (1978) . Polarization data were taken as a function of temperature between 37 °C and 4 °C with diphenylhexatriene (DPH), its cationic derivative trimethylammonium-diphenylhexatriene (TMA-DPH) (Kuhry, 1983) , and its anionic derivative diphenylhexatriene-propionic acid (DPH-PA) (Trotter and Storch, 1989) . All measurements were made with the SLM 4800 fluorometer in the steady-state mode and equipped with polarizers in the T-optical format. Excitation and emission wavelengths were set at 366 and 430 nm, respectively. Appropriate sample dilutions were made to prevent light scattering errors, and a Wratten 2A cutoff filter was used to prevent errors due to forward scattering of the excitation light.
Chemical analyses. -Membrane fatty acyl compositions were determined by capillary gas chromatography of the corresponding methyl esters prepared by transesterification with methanolic HC1 (Matusik et al., 1984) . Lipids were extracted by the adaption by Matusik et al. (1984) of the method of Sperry and Brand (1955) . Chromatography was performed with a Hewlett-Packard model 5890A gas chromatograph. The instrument was equipped with dual flame ionization detectors, a model 7673A automatic sampler, and a model 3396A integrator. Chromatography was performed with a Supelco SP-2560 fused silica 100-m, .25-mm ID capillary column with a .20-|xm thick film.
Protein concentrations were determined colorimetrically using the Lowry assay (1951) , and phosphorus was determined by a modification of the Bartlett assay (1959) .
Vitamin E contents of the heart homogenate and subcellular fractions were determined via HPLC according to the method of Desai (1984) , with modifications. A mixture consisting of sample, absolute ethanol, and 25% ascorbic acid was prepared and held at 70 °C for 5 min before adding 10 M KOH. The mixture was then incubated at 70 °C for 30 min and cooled at 4 °C, after which 2.5% ethanolic pyrogallol was added before extracting with hexane. The solvent was removed by evaporation under nitrogen, and the vitamin E-containing residues were dissolved in absolute C 2 H 5 OH. a-Tocopherol contents then were assayed by HPLC (Lehmann and Martin, 1982) . HPLC was performed with a Supelcosil LC-18 column (5-|xm particle size, 4.6 mm x 25.0 cm) using a Spectra-Physics SP8810 isocratic pump, with methanol as solvent, and a Perkin-Elmer 650-10S spectrophotofluorometer equipped with a Hewlett-Packard 3390A integrator for fluorescence detection and quantitative tocopherol assay. Excitation and emission wavelengths were 292 and 336 nm, respectively. Peak areas were quantitated upon calibration with authentic samples of tocopherols supplied by Hoffman-LaRoche.
Lipid peroxidation in whole heart homogenates and the plasma membrane isolates was assessed by determining the concentration of thiobarbituric acid-reactive substances in the presence and absence of Fe 3+ /ascorbate (5 mM each) according to the method of Tatum et al. (1990) , except that malondialdehyde was measured spectrophotometrically at 535 nm and its concentration was calculated using the molar extinction coefficient for this compound (Rietjens et al., 1986) . Data are expressed in terms of malondialdehyde production per unit protein or phosphorus. Peroxidizability may be inferred from the inducible malondialdehyde production which was calculated as the difference between Fe 3+ /ascorbate-induced (total) and noninduced (baseline) lipid peroxidation.
Statistical analyses. -Data were subjected to analysis of variance (ANOVA) and linear regression analysis for the various measurements using the SAS computer methodology (Helwig and Council, 1988) . The model included sources of variation due to age, with the data classified into four age groups: prepubertal, young, middle-aged, and old. The Student-Newman-Kuels test was used to determine differences in model classified composition and anisotropy data. Lipid peroxide data were subjected to the KruskalWallis test and further analyzed by ANOVA using Duncan's multiple range test after logarithmic transformation of the data.
RESULTS
Heart plasma membrane fatty acid compositions for the four major age groups are presented in Table 1 as mole percentages. There were no significant differences in composition among the young and old animals; however, the middle-aged pigs were elevated in saturated fatty acids at the expense of the polyunsaturates. Specifically, C16:0 and C18:0 were significantly elevated. Linoleate, C18:2, and the sum of the n-6 polyunsaturated fatty acids tended to decrease in middle-aged (5.9-to 10-year-old) pigs, though not significantly. Only the C12:0 content was decreased in elderly (>11.5-year-old) pigs. The results with these individual fatty acids are reflected in the unsaturation index, UI, which is calculated as a function of the sum of the mole percentages of the unsaturated fatty acids times the number of olefinic double bonds. UI was significantly (p < .005) reduced in the heart plasma membranes of the middle-aged pigs as compared with the other age groups.
Plasma membrane fluidity, as can be inferred from the reciprocal of the anisotropy data for the neutral probe, DPH (Table 2) , was significantly increased in the old animals, despite the absence of an increased level of unsaturation in this group. Results for the polar probes, TMA-DPH and DPH-PA, indicated nonsignificant trends toward decreased fluidity in the middle-aged group, that with the lowest UI. Analysis of the fluorescence data at 4 °C showed similar relationships among the age groups. The fluidity data, when considered in terms of these groups, do not follow the expected pattern for the observed fatty acid composition; however, linear regression analysis for all the polar probe fluorescence data yielded relations approaching significance between r, the steady state anisotropy, and UI, the unsaturation index: r DPH . PA = 0.252-2.33 x 10^ (UI), with/? < .06 Notes: Values for the same fatty acid with different superscripts are significantly different (p < .05). Asterisked values, ^.04, were excluded from statistical analyses. Ages were prepubertal < 0.5 yr; young 0.5-2.5 yr; middle-aged 5.9-10 yr; old > 11.5 yr. UI = (X^i + X 181 + X^.,) + 2(X 18 . 2 ) + 3(X 18:3 + X*,) + 4(X 20:4 ) + SQ^a + X n:S ) + 6(X n «). Notes: Data are means ± SEM of |xmol phospholipid per mg protein and nmol malondialdehyde per mmol lipid phosphorus for age groups defined as prepubertal < 0.5 yr; young 0.5-2.5 yr; middle-aged 5.9-10 yr; old > 11.5 yr. Inducible lipid peroxidation is defined as the difference between the induced and baseline values.
and/? = .33;andr 1MA . DPH = 0.318-6.93 x 10^ (UI), with/? < . 10 and R = .42, but no significant relation was observed for DPH.
Phospholipid content and lipid peroxidation as malondialdehyde are given in Table 3 . There were no significant differences in the phospholipid contents of the several age groups nor were there any age-related trends in either tissue or membrane phospholipids. Lipid peroxidation (Table 3) , which requires polyunsaturated fatty acids as substrates, clearly tended to increase with age up to middle age, although the differences between age groups were not significant. This trend was apparent under both baseline (noninduced) and Fe 3+ /ascorbate-induced conditions, and in the calculated inducible difference. The variances in the malondialdehyde data appear nonhomogeneous, with the variance becoming particularly large in the plasma membrane data for the oldest group of pigs; hence, these data are difficult to evaluate by ANOVA. Logarithmic transformation of these data yielded the results in Table 4 , which indicate significant differences (p < .05) for log (malondialdehyde concentration) among the age groups, with the prepubertal animals showing significantly less peroxidation. The Kruskal-Wallis ranking test with Wilcoxon scores yielded a/?-value of .048 for the plasma membrane baseline malondialdehyde data. Thus, we can assume that at least this variable shows a tendency to increase with age.
Vitamin E contents of various heart subcellular fractions are given in Table 5 as ng a-tocopherol/mg protein. The microsomal fraction was the highest in a-tocopherol concentration, and the plasma membrane was the lowest in vitamin E, other than the cytosol. The total cell homogenate vitamin E concentration, as well as the plasma membrane fraction, tended to increase with age, becoming significantly higher in the middle-aged and old pigs, as clearly shown in Table 6 , as a function of molar phospholipid content.
DISCUSSION
Swine have been recommended (Hsu, 1982) as excellent research models for atherosclerosis and gerontology because of their many anatomical and physiological similarities to humans; however, few aging studies have been conducted in Notes: Data are means ± SEM of log(nmol malondialdehyde/mmol phospholipid) for age groups defined as prepubertal < 0.5 yr; young 0.5-2.5 yr; middle-aged 5.9-10 yr; old > 11.5 yr. Inducible lipid peroxidation is defined as the difference between the induced and baseline values. Values in the same column with different superscripts are significantly different (p < .05). this species. In an earlier study Berlin et al. (1985) examined the effect of age on fluidity and composition in lipoproteins from male and female swine. The present report on ageinduced effects on miniswine heart plasma membranes is unique. Most recent investigations (Masoro, 1990; Sawada et al., 1992; Yu et al., 1992; Dinh et al., 1993; Laganiere and Yu, 1993; Maniongui et al., 1993; Barzanti et al., 1994; Dinh et al., 1995; Fernandes, 1995) into the metabolic alterations associated with aging, including nutritional factors, have been conducted in rodents because of their shorter life span, which makes it easier to control studies and maintain procedures constant (Hollander, 1984) . Few of these studies in rats (Sawada et al., 1992; Barzanti et al., 1994) were focused on heart tissue. Many investigators consider rats old after approximately 2 years, but the average life span of a laboratory rat is 3 years (Masoro, 1990) ; hence a 2-year-old rat would correspond to the middle-aged pigs in the present study.
Feeding studies in our laboratory (Berlin et al., 1994b (Berlin et al., , 1995 demonstrated that heart plasma membrane in middleaged female miniswine was resistant to high fat diet-induced changes in n-3 fatty acid composition, though liver cell plasma membrane and brain synaptosomes in the same animals showed significant incorporation of dietary n-3 fatty Notes: Values are means ± SEM for minipigs in age groups defined as prepubertal < 0.5 yr; young 0.5-2.5 yr; middleThere were no significant (p < .05) differences between the age groups for all of the cell fractions.
5.9-10 yr; old > 11.5 yr. acids. In the present study, age alone did not affect heart membrane n-3 fatty acids, but there was a reduction in n-6 polyunsaturated fatty acids and UI in the middle-aged animals (Table 1 ). All data reported here as age-related changes in heart tissue were from food-restricted animals, and no ad libitum-fed control group was available for comparison. The changes observed with food-restricted aging pigs would be expected to parallel those reported for food-restricted aging rats by Yu et al. (1992) , Laganiere and Yu (1993) , and Fernandes (1995) . Laganiere and Yu (1993) reported that the fatty acid composition of phosphatidylcholine and phosphatidylethanolamine fractions from liver mitochondrial and microsomal membranes obtained from food-restricted 2-year-old rats differed significantly from that of ad libitum-fed rats. There was neither a progressive loss of the essential fatty acids (18:2 and 18:3) nor an increase in the longer chain polyunsaturates (20:4 and 22:6) in the food-restricted rats as was observed in the ad libitum-fed rats. This pattern of maintaining 18:2 + 18:3 levels without conversion to the longer chain fatty acids with more unsaturation has been observed in plasma lipids (Liepa et al., 1980) , kidney (Choi and Yu, 1989) , and splenocytes and bone marrow cells (Laganiere and Fernandes, 1991 ) from food-restricted rats. In contrast, our results with the food-restricted middle-aged pigs showed significant decreases in 18:2 and nonsignificant decreases in 18:3, 20:4, and 22:5 contents, while there were significant increases in this age group in the saturated fatty acids (16:0, 18:0, and 20:0) when compared with the other age groups. Nevertheless, as in the rat studies, there was a reduction in UI, which may result in a reduction in peroxidizability of the cell membrane. Laganiere and Yu (1993) postulated that food restriction modulates the aging process in animals by reducing the potential for peroxide formation by inhibiting the conversion of the precursor fatty acids (18:2 and 18:3) to the longer chain acids with multiple double bonds. The differences between our results and these earlier studies with rats may reflect species-and/or tissue-specific differences. The small sample size available in our longterm study did not permit us to separate the data by sex, which may be important as the rat studies were performed with male animals. In earlier work, Berlin et al. (1985) observed that, with age, fatty acid unsaturation increased low and high density lipoproteins (LDL and HDL) in male minipigs but not in female minipigs.
The free radical theory of aging (Harman, 1987 ) is based on an extensive literature pertaining to the formation of the superoxide radical followed by lipid peroxidation, loss of membrane integrity, and cellular degeneration as organisms age. Lipid peroxidation has been demonstrated to decrease membrane fluidity, presumably through the resultant crosslinking of structural biomolecules (Curtis et al., 1984) . Wahnon et al. (1989) observed a decrease in membrane fluidity upon aging, independent of compositional changes. Sawada et al. (1993) observed increased superoxide formation and lipid peroxidation in brain and liver homogenates from aging, free-living male salmon. They associated the accompanying loss in plasma membrane fluidity in both organs with compositional changes resulting from production of superoxide radicals. Spawning resulted in even greater increases in free radical formation, lipid peroxidation, and membrane ordering; however, spawning effects are associated with the production of high concentrations of adrenal corticosteroids, with the animals dying in a state of adrenal corticoid steroid toxicosis (von Hahn, 1983) . Sawada et al. (1992) also reported free radical-related biochemical changes in the brain, liver, and heart of aging rats, with the superoxide radical generation subject to blockage by superoxide dismutase and vitamin E and inhibition by cyclooxygenase and phospholipase A 2 inhibitors. Yu et al. (1992) demonstrated with liver microsomal and mitochondrial membranes that food restriction mitigated the increased lipid peroxidation and phospholipase A 2 activity and decreased membrane fluidity that occurs with aging. Fernandes (1995) reported higher superoxide dismutase levels in the splenic cytosol fraction in calorie-restricted rats than in ad libitum-fed animals. In the present study with food-limited aging pigs of both sexes, heart membrane peroxidation tended to increase with age, but the differences between the age groups were not significant. The fluorescence anisotropy data (Table 2) for the different age groups, however, did not show a lipid peroxidation-induced decrease in membrane fluidity.
The only significant effect on membrane fluidity observed in this study of food-restricted minipigs was the substantial increase in DPH-determined fluidity in the oldest group of pigs. The absences of other effects on fluidity may indeed result from the food restriction. The data in Table 2 were grouped as indicated for different life stages of the animals; however, regression analyses of all the anisotropy data for each probe versus age, in days, yielded the following equations: r DPH . PA = 0. 237 + 2.87 x lO^6, (age), with/? < .06 and/? = .316;andr 1MA . DPH = 0.271 + 1.14 x 10" 5 (age), with/? < .08 and R = .442. In contrast with these relations approaching statistical significance, relations between DPH anisotropy and age were not significant. These findings parallel the relation between r, anisotropy, and UI. The differences between the results for the several fluorescent probes are probably related to their location in the cell membrane. The nonpolar hydrocarbon DPH intercalates into any hydrophobic region of the membrane either between the fatty acyl chains and/or much deeper in mid-bilayer regions oriented parallel to the surface of the bilayer. The polar probes are associated with the phospholipid headgroups and extend into the bilayer between the fatty acyl chains. DPH-PA is associated with or even covalently bound to phospholipids of the exofacial leaflet of the membrane bilayer, and TMA-DPH is associated with phospholipids of the inner membrane leaflet (Kitagawa et al., 1991) . Hence the plasma membrane domain wherein fluidity is subject to ageassociated decreases is probably nearer to the surface in the segment of the fatty acyl chains that is close to the headgroups. Prior reports of age-related loss in membrane fluidity are subject to similar interpretations as Yu et al. (1992) used TMA-DPH, and Sawada et al. (1992 Sawada et al. ( , 1993 used trans parinaric acid, which is also a linear probe capable of covalently binding to or associating with phospholipid headgroups. Neverthless, the evidence presented here for an agerelated fluidity loss in the minipig heart plasma membrane is weak, and the lack of agreement with the rat studies cited may reflect differences in species, tissue, or sex. Berlin et al. (1985) showed that HDL fluidity decreased as a function of age in male but not female minipigs. The grouped data (Table 2 ) displaying the sharp change in fluidity in the oldest group of animals may be more important than the analysis of all animals across the ages. Von Hahn (1983) pointed out the difficulties in considering data across many ages because of the increasing variability of biochemical and physiologic parameters as animals or humans become older and changes in individuals that are due to other pathological effects may then mask the aging process itself. As discussed by von Hahn (1983) , the real "age" change is thus the sharp effect noted in the old animals only.
Membrane fluidity is associated with lipid composition with fatty acid unsaturation usually increasing fluidity (Stubbs and Smith, 1984) , cholesterol usually decreasing fluidity (Yeagle, 1985) , lipid peroxidation decreasing fluidity (Curtis et al., 1984) , and vitamin E modulating fluidity in a variable manner as a function of concentration (Zimmer et al., 1993) . The increased heart plasma membrane fluidity in the old pigs as determined with DPH (Table 2 ) cannot be attributed to fatty acids; this group did not exhibit more unsaturation (Table 1) than the younger pigs. The only composition change noted with age was the decrease in n-6 polyunsaturation and UI in the middle-aged pigs. There were no differences in unsaturation among the prepubertal, young, and old animals. The major compositional change which may impinge on fluidity was the significant increase with age in the membrane vitamin E per mole of phospholipid (Table 6 ). Membrane vitamin E increased with age over the entire period of the study according to the equation: E = All + 6.8 x 10^ (age), withp< .002 and/? = .531. This was not true of the heart homogenate. Heart plasma membrane from middle-aged and old pigs was the most responsive subcellular fraction to change in vitamin E content. It is possible that vitamin E was mobilized to the membrane in a protective response to the increased lipid peroxidation that occurs with aging. The nonsignificant reduction in cytosolic vitamin E concentration in the old pigs (Table 4) may indeed reflect such mobilization. Vitamin E has been reported as causing both increased and decreased order in membranes and model liposomes (Zimmer et al., 1993) . At physiological membrane tocopherol concentrations, vitamin E fluidizes the membrane, but at exceptionally higher concentrations vitamin E decreases fluidity. In earlier studies with human subjects, Berlin et al. (1986 Berlin et al. ( , 1988 reported decreased lipoprotein fluidity following vitamin E supplementation; however, no measurements were made of membrane fluidity in any cells from those subjects. It is most likely that the increased DPH-determined fluidity in the oldest animals is due to the elevation in vitamin E. However, it should be noted that the only significant relationship among the various types of data was between peroxidizability and membrane vitamin E content. In the plasma membrane the peroxide concentration, as MDA, the nmoles malondialdehyde/ mmole phospholipid, was related to E, the nmoles vitamin E/fxmole phospholipid according to the equations:
Baseline: MDA = 70 x £ -4 . 5 6 , with/? < .003 andR = .577. Induced: MDA = 116 x E + 17.43, with/? <.003 and/? = .582. Inducible: P = 46 x E + 21.99, with/? < .005 andR = .557.
The corresponding relations for the whole heart homogenate were not significant. It is unclear, however, as to why the higher vitamin E in these membranes was not accompanied with higher levels of fatty acyl unsaturation, but was accompanied with higher baseline levels and inducible levels of malondialdehyde, thus suggesting a pro-oxidant role for vitamin E. Bowry et al. (1992) have documented such activity under some experimental conditions. Vitamin E concentrations in the membrane compared favorably with values of one a-tocopherol molecule per several thousand fatty acid molecules (Zimmer et al., 1993) . Kornbrust and Mavis (1980) reported molecular a-tocopherol:PUFA ratios of 1:200 in highly oxygenated tissues such as heart and lung. Using our data in Tables 1 and 6 , we observe atocopherol:PUFA ratios of 1:347, 1:172, 1:19, and 1:49 in the four successively older groups of minipigs. Hence there should have been adequate membrane vitamin E to prevent peroxidation. Apparently vitamin E did not function entirely as an antioxidant in these heart membranes, but rather vitamin E had a structural role to stabilize the cell membranes (Zimmer et al., 1993) .
In conclusion, our results indicate that changes in fatty acid composition, susceptibility to lipid peroxidation, membrane fluidity, and membrane a-tocopherol content occur in the plasma membrane fraction of heart tissue from aging pigs, even when they are food restricted. The mechanisms accounting for tfiese changes need further clarification. Additional studies including an ad libitum-fed control group of animals will allow us to discriminate between effects due to aging or the longer duration of food restriction through the life span of the minipig. Our work with aging miniature swine emphasizes the need for comparative studies in different organs and different species when using animal models for human aging research.
